linear and the circular strings designed by H. Garner, Z. Qian et al. presented a new grid pattern design and construction method using pseudo-random-sequence (PRS) [9] .The size of the windows limited the measurement accuracy of these vision based method, because spherical curved plane is equivalent to flat plane in image processing procedure for extracting information of the characteristic points.
In this paper, an effective pattern design method and image matching algorithm to avoid the equivalence for improving the detection accuracy are presented combined with the 3-DOF magnetic field sensor based detection method. The two modes both have the reliability and outer disturbance problems, so neural network based multisensor fusion methods are adopted. The camera based machine vision measurement calibrated data are used as training samples for the magnetic sensors modeling and complete data fusion and the error analysis in fault cases is carried out by experiments.
II. OPERATION PRINCIPLE OF THE PM MULTI-DOF ACTUATOR
The motor prototype consists of a ball-shaped rotor with four layers of 40 poles and two layers of 
It is needed as least 6 feature points to construct an over determined equations. 11 parameters are solved using the least squares fitting method.
The visual sensor's optical axis is perpendicular to the surface of the rotor, and intersects with the centre of the sphere. Firstly, accurately positioning the location of the rotor and stator, using the known coordinates of the spherical feature points in the world coordinate system to calibrate the sensor. Ideally rotor only rotates around the centre of the sphere and the sensor location is fixed after calibration, so the sensor calibration needs only once.
Let the coordinates of feature points in the world coordinate system and the rotation coordinate system can be expressed as (r denotes the spherical radius), combined with (2) and (3), the feature points on the image can be converted to coordinates in the world coordinates In photogrammetry, using the known coordinates of the points in two different coordinate systems, calculate the positional relationship between the coordinate system is a classic problem.
Reference [16] presented the closed solution to achieve absolute orientation quaternion. Set the coordinate system rotation matrix R, the coordinate inter-relationship can be expressed as:
where s is the proportional factor, 0 r is the origin point offset scale.
The principle of calculation matrix is to make 
&
. Using the quaternion to represent the 
where α, β, γ are the Euler angles, cos and sin denote the cosine and sine functions. where the subscript k denotes the kth sensor; and n is the orders of the approximation. 
c. Neural network based multisensor integration and fusion
The multisensory information fusion technology mainly aims to solve the information processing problems, which focuses on the using the information derived by multiple sensors to construct complete and proper description on the special object or environment features [21, 22] .
Multisensor fusion and integration is a rapidly evolving research area and requires interdisciplinary knowledge in control theory, signal processing, artificial intelligence, probability and statistics, etc. There has been much research on the subject of multisensor and fusion in recent years. A number of researchers have reviewed the multisensor fusion algorithms, architectures, and applications.
During current neural networks' development, the back propagation theory based feed-forward neural network (BP) is more mature and widely used as shown in figure 5 and parameters in table 1. Neural network is with the essence of the nonlinear system that can approximate any nonlinear relationship, which is very appropriate for the data fusion applications as in this work. From the above, it can be known that the orientation detection data by machine vision and magnetic field sensors methods can be integrated and fused. The work can be divided into two parts: firstly, the data derived from the machine vision measurement can be taken as training samples for the magnetic field sensors mapping relations constructing; secondly, in the case of single measurement method in effect. It is known that the PM actuator has x, y, z rotation angles in three different degrees-of-freedom, so it needs 4 inputs and 3 outputs, this paper uses a neural network to realize the presented fusion and calibration method. The experiment motion is set with three tilt rotations in sequence, with single rotation with respect to X axis, Y axis and both combined rotation. The measurement data by the two modes are collected and compared. The real standard motion data was firstly implemented by high precision optical encoder for reference with repeated processes. The measured trajectory data can be shown in figure 10 . Figure 11 gives the errors of different measurement modes for comparison.
To test the reliability and practicability, the fusion effects in the case of magnetic sensor fault are evaluated. The magnetic sensor is exerted with an outer disturbance at the interface of the first and second segment as shown in figure 10 and 11 of sudden change on the trajectory and error data. It can be seen from the results, compared with single machine vision and magnetic sensor method, the neural network based data fusion application can improve the tracking accuracy with lower errors and anti-interference ability. the calibrated machine vision mode is used for neural network training and magnetic field sensor modeling. Experiment is carried out to validate the effectiveness of presented methodology by setting three tilt motion segments in sequence. The results prove the methodology is available and effective. It is expected that the presented scheme is able to provide a reference for further research and investigation for similar measurement problems of multi-DOF actuators or motors.
